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Abstract: Coronaviruses (CoVs) have recently emerged as significant causes of respiratory disease outbreaks,
with the novel coronavirus pneumonia of 2019, known as COVID-19, being highly infectious and triggered by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Understanding virus-host interactions and
molecular targets in host cell death signalling is crucial for treatment development. Small natural compounds
like celastrol and curcumin, acting as proteasome inhibitors, can potentially modify NF-kB signalling for
treating SARS-CoV-2 infections. Various natural constituents, including alkaloids, flavonoids, terpenoids,
diarylheptanoids, and anthraquinones, inhibit viral infection, progression, and amplification of coronaviruses.
Derived from medicinal herbs, these compounds possess anti-inflammatory and antiviral properties,
impacting the viral life cycle, including entry, replication, assembly, and release of COVID-19 virions. This
review focuses on the development of small molecules of non-covalent inhibitors targeting the Main Protease
(Mpro, also called 3CLpro) enzyme of SARS-CoV-2. It highlights the design using molecular dynamics (MD)
studies and computational methods for further improvements in Mpro inhibitor design. The in-silico approach,
which is pivotal in this process, provides a virtual avenue for exploring and developing potential inhibitors,
representing the latest advancements in drug design.

Keywords: SARS-CoV-2 virus inhibitors; main protease (Mpro); non-covalent inhibitors; molecular
dynamics simulation; in silico analysis.

1. Introduction

1.1. The main protease (Mpro) enzyme of SARS-CoV-2

The World Health Organisation (WHO) defines the coronavirus that causes severe acute
respiratory syndrome (SARS-CoV-2) as COVID-19 [1]. Recently, the virus has become a global threat
[2]. With a genome size of about 30 kb, it is a highly contagious positive-strand RNA virus that codes
for 29 distinct proteins essential to the virus's survival and life cycle [3]. The beta coronavirus, or
SARSCoV-2, is closely linked to the SARS-CoV virus that caused the outbreak of the disease in 2002
and 2004 [4]. The SARS-CoV-2 virion was made up of four structural proteins: spike proteins (S),
envelope proteins (E), membrane proteins (M), and nucleocapsid proteins (N) [3]. Like other
coronaviruses, these proteins enclose the RNA genome [5]. The Mpro, commonly referred to as
3CLpro, 3-ChymotrypsinLike Protease, or Mpro, and the spike proteins (S) are the primary targets
for drug development against SARS-CoV-2 virus [6].

The coronavirus SARS-CoV-2 is a large, enveloped virus with a single-stranded, non-segmented,
positive-sense RNA genome broadly distributed in humans and other mammals [7]. As shown in the
basic structure of the SARS-CoV-2 virus in Figure 1, SARS-CoV-2 has four primary structural
proteins: spike (S) glycoprotein, small envelope (E) glycoprotein, membrane (M) glycoprotein, and
nucleocapsid (N) protein, along with several accessory proteins [8].

The spike (S) glycoprotein, a transmembrane protein with a molecular weight of approximately
150 kDa, is located on the virus's outer surface. S protein forms homotrimers that protrude from the
viral surface, facilitating the binding of the virus to host cells by interacting with the

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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angiotensinconverting enzyme 2 (ACE2) receptors, which are expressed in the cells of the lower
respiratory tract.

This glycoprotein is cleaved by host cell furin-like proteases into two subunits: S1 and S2. The
S1 subunit determines the host range and cellular tropism of the virus through its receptor-binding
domain, while the 52 subunit mediates the fusion of the virus with host cells, enabling viral
transmission [7].

Figure 1. Basic structure of the SARS-CoV-2 virus responsible for the COVID-19 pandemic [7].
Licensed under CCBY license.

The nucleocapsid, also known as the N protein in Figure 1, is a structural component of
coronaviruses (CoV) that localizes in the endoplasmic reticulum-Golgi region. It binds to the viral
nucleic acid material, specifically RNA, and plays a crucial role in various processes involving the
viral genome, such as the replication cycle and the host cell's response to infection. Due to its binding
to RNA, the N protein is integral to these processes. Additionally, the N protein undergoes significant
phosphorylation, which is believed to induce structural changes that enhance its affinity for viral
RNA. Another key structural element of the virus is the membrane, or M protein, which is the most
abundant structural protein and is critical in determining the shape of the viral envelope. The M
protein interacts with all other structural proteins and plays a stabilizing role. By binding to the N
protein, the M protein helps stabilize the nucleocapsid and supports the final stages of viral assembly
by stabilizing the N protein-RNA complex within the virion. The envelope, or E protein, is the
smallest structural protein in the SARS-CoV virus, yet it plays a significant role in the production and
maturation of the virus [7]. The Mpro enzyme found in the SARS-CoV-2 virus is responsible for the
development of COVID19 [2]. This protease is vital for processing virus polyproteins, which are
required for viral replication [1]. Mpro is a cysteine protease with three domains: I (residues 8-101),
IT (102-184), and III (201-306) [9], which works by cleaving viral polypeptides and promoting viral
replication [9]. Active Mpro exists as a homodimer made up of two protomers [10], as displayed in
Figure 2. Despite differences amongst coronaviruses, Mpro has strong sequence and structural
conservation, distinguishing it from human proteases. This property makes Mpro a good choice for
drug screening activities aimed at inhibiting the replication and proliferation of SARS-CoV-2 [11].
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Figure 2. The crystal structure of unbound SARS-CoV-2 Mpro (PDB entry: 6Y2E) and the pocket
dedicated to substrate interaction [12] Licensed under CC-BY license.

Drug repurposing has emerged as a highly attractive and practical approach to drug
discovery [13]. By exploring new therapeutic applications for drugs that have already been approved
for human use, this strategy has proven to be especially valuable in the rapid response to the COVID-
19 pandemic [13]. One of the key advantages of drug repurposing, particularly for identifying SARS-
CoV-2 inhibitors, is the ability to accelerate the drug development process significantly. Since these
drugs have already undergone extensive testing for safety and efficacy, they can quickly move into
clinical trials for new indications, bypassing much of the early-stage research and regulatory hurdles
typically required for novel compounds. This fast-tracking is crucial in public health emergencies,
such as the COVID-19 crisis, where time is critical [13] [14]. In addition to speeding up the
development process, drug repurposing reduces the financial risks of drug discovery. Developing
entirely new drugs is expensive and uncertain, whereas repurposing existing drugs leverages
previous investments in research and development [15, 16]. Another major benefit is the wealth of
available data on repurposed drugs. Since these drugs have been previously approved, their safety
profiles, potential side effects, and pharmacokinetics are well understood, making it easier to predict
their behaviour in new therapeutic contexts [17].

Finally, many of these drugs are already in production and readily available, which is a critical
advantage during a pandemic, where immediate access to treatment options can save lives. By
utilizing existing drugs, repurposing can provide timely solutions to emerging health crises while
minimizing the delays and uncertainties inherent in developing new drugs from scratch [18].

Although several vaccinations are now being developed to target the disease [19], there is still a
significant demand for SARS-CoV-2 inhibitors to treat people who become affected [13]. In addition,
the recurrence for many people occurs due to the introduction of novel SARS-CoV-2 variants [16].
Some antiviral drugs and prodrugs, such as GS-441524, Molnupiravir, and PF-07321332
(nirmatrelvir), are therapeutically efficacious antiviral drugs, could potentially lead to the
development of drug-resistant mutations [17].

The alarming worldwide spread of the virus [20] and the emergence of novel SARS-CoV-2
variants in various regions [18] underscores the urgent need for effective therapeutic strategies. As a
result, there is a need to rapidly develop and/or repurpose Mpro inhibitors to combat SARS-CoV-2,
which has been a pressing global issue [21]. Recent studies indicate that the effects of SARS-CoV-2
extend beyond the respiratory system (RS) to the central neurological system (CNS) [18]. As a result,
therapeutic strategies for combating coronavirus outbreaks are urgently needed [18]. The time-
consuming and costly procedure of generating novel inhibitors makes drug repurposing and
computer-assisted approaches increasingly attractive [14].

Given the time-consuming and expensive nature of developing new antiviral inhibitors from
scratch, drug repurposing and in silico computer-assisted drug design have emerged as an
increasingly attractive approach [14]. These strategies can help expedite the identification of effective
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treatments while mitigating the costs and risks typically associated with traditional drug
development pathways.

1.2. The need for novel inhibitors

Existing inhibitors may suffer reduced efficacy, resistance development, or unfavourable
adverse side effects [16]. Thus, pursuing novel inhibitor development will overcome these challenges
and enhance therapeutic efficacy [16]. Above mentioned antiviral drugs, such as molnupiravir,
remdesivir, and PF-07321332 (nirmatrelvir), have demonstrated clinical effectiveness [16], while
prolonged use may lead to the emergence of drug-resistant mutations, highlighting the ongoing need
for research and development of new inhibitors [17].

Other inhibitors, such as FB2001, SIM0417, vv116, and RAY003, primarily use a peptide-based
covalent method. This method provides challenges in terms of target selectivity and pharmacokinetic
features [22]. As a result, there is a rising emphasis on developing safer coronavirus antiviral drugs
that are neither covalent nor peptidomimetic, such as Shionogi's 5-217622 [22]. Compared to other
inhibitors such as PF-07321332, 5-217622 exhibits improved drug metabolism and pharmacokinetic
properties, addressing certain current limitations [22]. While the US Food and Drug Administration
(FDA)approved antivirals like boceprevir and telaprevir efficiently suppress Mpro, certain mutants
have shown lower binding affinity to these drugs, especially at critical residues likely to undergo
positive selection [23]. Novel coronavirus strains can potentially establish endemicity, posing a
significant risk of another global pandemic necessitating the development of effective antiviral
therapies [24].

Mpro is an essential target of many existing vaccines and antiviral medicines [25]. Despite
improvements, challenges remain for advancing Mpro non-covalent inhibitors into clinical trials and
eventual approval [26]. Weak inhibitory activity, the necessity for structurally diverse inhibitors,
undesirable drug metabolism and pharmacokinetics (DMPK) characteristics, and toxicity concerns
are also hurdles [27]. As a result, integrating modern computational approaches with experimental
practice, considering numerous factors simultaneously in compound optimization, using efficient
screening methods, paying attention to ligand effectiveness, and exploring non-catalytic sites could
potentially overcome these challenges [27].

Computer-aided drug design (CADD) has shown considerable promise in identifying lead
compounds from traditional medicinal plants, bridging the gap between traditional and modern
medicine [25]. Various compounds discovered through virtual screening and drug repurposing using
computational approaches have been developed to inhibit the Mpro’s active site [28]. Moreover,
combining molecular dynamics (MD) simulations, artificial intelligence (AI), and other
computational techniques enhances the prediction of drug efficacy and underscores the importance
of in vivo studies to validate findings [28].

Non-covalent inhibitors of Mpro have attracted significant attention in SARS-CoV-2 inhibitors
[15]. These inhibitors offer a combination of efficacy, selectivity, safety, and the potential to minimize
resistance, making them a promising approach in antiviral drug development, particularly for
diseases like COVID-19 caused by SARS-CoV-2 [15]. There has been a shift from earlier peptide-like
inhibitors towards non-covalent inhibitors since the SARS-CoV-1 outbreak, which led to the
development of promising inhibitors such as ML300 and ML188, as demonstrated in Figure 3 [15].
While covalent inhibitors like GC-376 and PF-00835231 have progressed to clinical trials during the
COVID-19 pandemic, exploring non-covalent inhibitors remains essential for their potential
therapeutic advantages [15].
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Figure 3. Representative structures of identified 3CLpro inhibitors for SARS-CoV-2 using either a
noncovalent (top) or covalent (bottom) mechanism of action [29].

This present review provides information through the development of non-covalent therapeutic
candidates with potential activity in suppressing SARS-CoV-2's Mpro enzyme, with emphasis on
inhibitor optimization and molecular dynamic (MD) simulations in the development of new
inhibitors, particularly at the molecular level. This would contribute to understanding the mechanism
of action and aid in designing more effective candidates, making this a potential research avenue.

2. Mpro inhibitors for SARS-CoV-2

2.1. Overview of Mpro Inhibitors

The Mpro enzyme of SARS-CoV-2 exhibits a 96% resemblance to SARS-CoV, as illustrated in
Figure 4. SARS-CoV-2 and SARS-CoV have 294 amino acids in common among a total of 306 residues,
in which Phel40, Leul4l, Asn142, His163, and Glul66 amino acid residues create the S1 subsite,
whereas His41-Cys145 catalytic dyad, besides Ser144 and Glu143, form the S1' subsite, S2 comprises
His164, Asp187, Argl88, Met49, Tyr54, while S3 is constituted by Leul67, GIn189, Met165, Thr190,
and GIn192 [30].

(a) (b)

Figure 4. The architecture of the Mpro enzyme of both viruses (SARS-CoV2 and SARS-CoV): (a) Mpro
domains are presented (I, II, and III, coloured green, grey, and red, respectively). The active site
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pockets of the SARS-CoV2 Mpro (b) and SARS-CoV Mpro (c) PDB ID 6LU7, respectively [31] Licensed
under CC-BY License.

Several studies have identified a range of existing compounds that successfully block SARS-
CoV2 Mpro and prevent virus survival [20]. Among them, a potent noncovalent small molecule
SARS-CoV Mpro inhibitor, N-(tert-Butyl)-2-(N-arylamido)-2-(pyridin-3-yl) Acetamides (ML188,
Figure 5(a)) was discovered and synthesized by Jacob et al. [32] to inhibit SARS, which was later re-
used to inhibit SARSCoV-2 [33]. In 2021, Lockbaum et al. produced the cocrystal complex structure
of ML188 with SARSCoV2-Mpro, which exhibits structural similarities with the SARS-CoV1-Mpro-
ML188 complex [20]. A higher binding affinity of the ML188 with Mpro of SARS-CoV2 was found in
comparison to SARS-CoV1. Despite the general similarities, small changes in binding interactions
lead to ML188's enhanced effectiveness against SARS-CoV2-Mpro, about twice as much as SARS-
CoV1-Mpro [20]. The study revealed that ML188 binds with the catalytic residue His41 and has a
specific packing in SARS-CoV2Mpro's subsite 52 [20], suggesting that ML188 can be a suitable non-
covalent inhibitor scaffold [20].
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Figure 5. (a) The 2D structure of ML188; (b) The IC50 values of ML188 against Mpro of SARS-CoV-2
and SARSCoV-1 [20] Licensed under CC-BY License.

Table 1 collects existing inhibitors of the Mpro enzyme of SARS-CoV-2 [34]. Among these
inhibitors, lopinavir and ritonavir combination had the lowest ICs0 value (more potent) in cell culture
but negatively affected cell survival, whereas other inhibitors, such as darunavir and atazanavir
required substantially higher concentrations for inhibition, with no resulting cytotoxicity even at 200
UM [34]. Given these observations, the clinical use of HIV PlIs to combat COVID-19 may be limited,
and any beneficial effects may be attributed to their interactions with other molecular targets; thus,
in vivo trials are needed to understand their actual clinical efficacy [34].

Table 1. Inhibition results in cell culture of HIV protease inhibitors targeting SARS-CoV-2 Mpro.
Licensed under CC-BY License.
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Sayed et al. explored the prospect of natural products, particularly structurally diverse
microbialderived metabolites, as promising sources for potential drug candidates with a strong
likelihood of modulating or inhibiting Mpro [35]. Figure 6 displays the preferred compounds (1-6)
identified through virtual screening on the Mpro active site [35].
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(+)-Anthrabenzoxocinone Penimethavone A

Figure 6. Highest-ranking compounds (1-6) identified through virtual screening on the Mpro active
site [35] Licensed under CC-BY License.

Thakur et al. applied structure-activity relationships (SAR) to investigate the active site
subpockets (S1, S1’, S2, and S3) inside the SARS-CoV-2 Mpro (refer to Figure 7) to reveal key
interactions for developing potent inhibitors [36], and presented four guidelines for developing
highly potent inhibitors of the SARS-CoV-2 Mpro [36]. Rule 1: The S1 sub pocket requires a ring of
five or six members with a proton donor or acceptor (-NH or =O group) to make crucial hydrogen
bonds with particular residues [36]. Rule 2: In the S1' sub pocket, which is known for hydration and
design issues, it is critical to form a water bridge between the scaffold and Thr26, as well as
hydrogen/covalent bonding with the 'Asn142-Gly143-Ser144-Cys145 (NGSC) motif' [36].

According to Thakur et al. (2022), the 52 sub-pocket favours cyclic moiety interactions with
His41 or hydrogen bonding with His41 and GIn189, which increases efficacy. Rule 4: The S3 binding
site must have a significant aromatic or aliphatic component [36]. It is found that while the S1 and S2
sub-pockets have significance for noncovalently bound inhibitors, the S1" and S3 sub-pockets may
affect inhibitor efficacy [36].
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Figure 7. The structures of cathepsin inhibitor GB111-NH2 and Mpro inhibitor N3 [37].
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A group of newly designed thioesters intended for Mpro enzyme inhibition in SARS-CoV-2 [38]
was developed by Pillaiyar et al. using virtual screening from The Tiibingen Kinase Inhibitor
Collection (TUKIC) database. These thioesters had inhibitory solid activity against SARS-CoV-2
Mpro, and their co-crystal structures provided insights into the target's molecular interactions [38].
Figure 8 reports the synthesis of thioesters 3w-z [38]. Particularly, compounds 3w and 3x
substantially inhibit SARS-CoV-2 Mpro [38].

N=4 R2
= OH —_R? S 55
R'+«— | N + N=x _a . R’—/ I _2<\N /
" HS—4 P 4 4
H N N o
1a,11 2k-m 3w-z
1a:R'=H 2k: R2=H 3w:R' R2=H
1m: R! = 6-OC,H5 2I: R? = 4-CHg, 3x: R'=H, R? = 4-CHj4
2m: R? = 4,6-diCH3 3y: R'=H, R?=46-diCH4
3z: R' = 6-OC,Hs R2 =4-CH4

Figure 8. Synthesis of Thioesters 3w+z [39].

On the other hand, Verma et al. evaluated up to 73 withanolides and reference compounds using
Lipinski's rule of five to determine their binding affinity in the active site of SARS-CoV-2 Mpro [40].
Nine molecules exhibit higher docking scores than the reference compounds [40]. The ADME tests
were carried out to evaluate drug-likeness and bioavailability, and the screened compounds with
favourable ADME characteristics may serve as potential leads for further therapeutic development
[40].

2.2. Computer-aided drug design

Computer-aided drug design (CADD) based on existing drugs or inhibitors involves several key
steps [25]. These steps help optimize the chemical structure to enhance the efficacy, selectivity, and
pharmacokinetic properties of drug candidates [27]. The process begins with identifying a lead
compound, such as ML188, from existing drugs or inhibitors with known biological activity and a
specific biological target, such as Mpro [15]. The initial data is organized in databases using drug-like
criteria to screen and identify potential candidates [28]. Techniques such as X-ray crystallography,
NMR, or cryo-EM are employed to determine the 3D structure of the target [34]. The compounds are
then subjected to an ensemble docking approach, which uses conformers generated during molecular
dynamics simulations (MDS) [35] to calculate the binding free energy. This step predicts the strength
and stability of the drug-target interaction [34]. Following this, the process involves synthesis,
validation, refinement, and preclinical trials [34]. This strategy is crucial for identifying ligands with
strong binding capabilities, especially considering the dynamic nature of the active site, and for
confirming the findings [35].

Examination of the latest trends and advancements in drug design has made the use of computer
screens grow in significance [16]. The successful discovery of antivirals that target illnesses such as
HIV and HCV by attacking Mpro, has prompted the search for small compounds that can inhibit
Mpro activity in treating SARS-CoV-2 [41]. For example, Ibrahim et al. employed a structure-based
computational approach to identify potential Mpro inhibitors by focusing on the interactions
between ligands and receptors [42]. Virtual screening was used to assess the binding affinity of
terpene metabolites from a Red Sea coral reef ecosystem with SARS-CoV-2 Mpro [42]. Natural
products, notably flavonoids, alkaloids, and terpenoids, play a significant role in the quest for
efficient COVID19 therapies. Figure 9 shows the 2D structure of Lopinavir, Depresosterol, 178, and
Erylosides B [42].

d0i:10.20944/preprints202409.0073.v1
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Figure 9. 2D structures of the promising marine natural products as Mpro inhibitors [42] Licensed

under CC-BY License.

In a different study, up to eighty-one bioactive compounds were isolated from medicinal plants
and tested for efficacy against SARS-CoV-2 Mpro using several in silico approaches, including
quantum mechanics, molecular docking, and molecular dynamics simulations [43]. As shown in
Figure 10, the average binding affinities of hesperidin, rutin, diosmin, and apiin exceeded the positive
control compound, Nelfinavir's (-7.4 + 0.6 kcal/mol) [43]. In a plan for future experimental
examinations of these drugs/inhibitors obtained for COVID-19 therapy [43], in silico screening tools
are on the list before further confirmation, such as in vitro protease activity assays and in vivo studies

are conducted [43].
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Figure 10. The polyphenolic compounds with their docking scores, Hesperidin, Rutin, Diosmin, and

Apiin, respectively [44].

Computers can also help understand the binding of inhibitors. Hicks et al. found that the ICso
values of inhibitors are ranging from 6.8 pM to 138.0 uM [45]. Hicks et al. developed that aloesin and
aloeresin D derived from the aloe plant as new scaffolds for Mpro inhibitors. Through simulation of

the binding modes of the inhibitors, as shown in Figure 11, more details of the inhibitors are revealed.
The findings contribute to the development of novel molecular scaffolds for designing new

inhibitors [45].
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Aloeresin D

Figure 11. Aloesin and Aloesin D binding modes [46].

While traditional drug discovery approaches tend to be time-consuming, in silico-docking
analysis offers a quicker, more reliable, and cost-effective solution for large-scale screening [47]. Due
to the apparent structural similarity between SARS-CoV-2 and SARS-CoV and the recognition of
Mpro as a fundamental CoV enzyme, molecular docking and molecular dynamics (MD) simulations
were utilised to identify potential inhibitors for SARS-CoV-2 Mpro, with a focus on inhibitors
previously reported for SARS-Mpro [48]. Motiwale et al. conducted docking investigations using
existing SARS-CoV main protease inhibitors that showed high binding potency with SARS-CoV-2
Mpro. However, further experimental validation is essential to assess their suitability for clinical trials
[48].

A molecular docking approach was adopted to screen a naturally small pool of phenolic
compounds, resulting in a prediction of the primary binding modes and the identification of HIT-1
(corilagin) and HIT-2 (oxyresveratrol) as promising candidates, which is apparent in Figure 12 [49].
Extended molecular dynamics simulations boosted the drug-ligand complex's resilience, confirming
HIT-1's potential and the strength of HIT-1 and HIT-2 for future drug development exploration [49].
Aleissa et al. demonstrated the effectiveness of computational tools in the early phases of drug
development, providing cost-effective alternatives to traditional methods [49].

OH

HIT 1

OH

HO

oM

Figure 12. 2D structure of HIT1 and HIT2 [49] Licensed under CC-BY 4.0 License.

Hicks et al. identified aloesin and aloeresin D as unique inhibitors of SARS-CoV-2 Mpro after
reviewing an extensive protease inhibitor library [45]. To gain a better understanding of how these
compounds work, Hicks et al. conducted a thorough molecular docking analysis using the AutoDock
Vina algorithm, which revealed these compounds as valuable candidates for developing Mpro
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inhibitors due to their safety profiles and adjustable functional groups [45]. For example, the
estimated aloesin and aleoresin D affinities in Figure 11 are given by 7.5 and 6.8 kcal/mol, respectively
[45].

2.3. Molecular dynamics (MD) in drug development

Computer-aided drug design includes a variety of in silico tools, such as MD simulations [50].
Beyond early drug discovery, MD simulation is one of the most important in silico tools in
pharmaceutical development and formulation research, as it provides molecular-level insights to
improve properties such as solubility and stability [50]. This section will concentrate on the role of
MD simulations in developing Mpro inhibitors. By simulating the dynamic behavior of the protein-
inhibitor complex, MD simulations help identify key interactions, such as hydrogen bonds,
hydrophobic interactions, and van der Waals forces, that contribute to the inhibitor's efficacy [51].
These insights are crucial for optimizing inhibitor design, as they allow researchers to predict how
modifications to the inhibitor might improve its binding affinity, specificity, or overall therapeutic
potential [50]. With continued advances in machine learning (ML), drug development has an
increased dependence on MD simulations to produce novel pharmacological therapeutics [50].

The stability of top potent lead compounds from Withania sps. in the active site of Mpro of
SARSCoV-2 are studied using MD simulation. Although the lead compounds need further in-vitro
analysis, the 50 ns MD simulation confirmed the stability of an inhibitor - withacoagulin H (W30) -
with a binding energy of -63.463 KJ/mol in Figure 13 [40]. This inhibitor becomes the compound of
choice among the screened compounds as W30 possesses an excellent binding affinity compared to
other compounds with the Mpro of SARS-CoV-2 [40].
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Figure 13. (a) The binding mode of the most stable compound with the lowest binding energy
compound with a coagulin H (W30); (b) Root mean square deviation (RMSD) plot of withacoagulin
H (W30) as a function of time (top) and root mean square fluctuations (RMSF) plot of withacoagulin

H (W30) [52].

Inhibitors of SARS-CoV-2 Mpro are also screened from marine sources using MD simulations
and binding energy calculations [42]. A computer screen for 227 terpenes revealed that six of them,
notably erylosides B, had a substantial inhibitory potential against Mpro, with a binding affinity of
as large as -51.9 kcal/mol with respect to -33.6 kcal/mol for Lopinavir [42] from a 100 ns MD
simulation, as shown in Figure 14 which verified the stability of the complex generated by
erylosides B and Mpro [42].
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Figure 14. Calculated MM/GBSA binding energy per frame for erylosides B (black) and lopinavir (red)
with Mpro over 100 ns MD simulations [42] Licensed under CC-BY 4.0 License.

Chemical structures of newly synthesized sulfonamide SARS-CoV-2 Mpro inhibitors are given
in Figure 15, together with the structures of N3 and Remdesivir as references [51]. The study revealed
favourable binding energy values and significant ligand effectiveness in inhibiting Mpro, superior to
conventional inhibitors N3 and remdesivir [51]. The binding energy of remdesivir against the
SARSCoV-2 Mpro (PDB ID: 6Y84) is -9.85 kcal/mol [51]. improved binding capabilities in comparison
to remdesivir's potency (-9.85 kcal/mol) against the SARS-CoV- 2 main protease (PDB ID: 6Y84) [51].
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Figure 15. The chemical structures of compounds S1-54 besides remdesivir and N3 Mpro inhibitor as

reference compounds [51] Licensed under CC-BY 4.0 License.

Other studies have prescreened compounds capable of inhibiting the activity of Mpro of
SARSCoV-2 [53]. For example, Rutin in Figure 16, a flavonoid derivative with a high binding affinity
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to the virus, can be a good candidate [53]. MD simulations and docking investigations reveal that the
interaction between rutin and Mpro is confirmed by the alignment with the 6GLU7 binding site [53]
6GLUY7 binding site [53].

OH
HO O
| OH OH
HO
o 0 OH
OH O o
H;C o)
Rutin HO
HO
OH

Figure 16. Structure of Rutin, an inhibitor of Mpro [54].

MD simulation has also been employed to estimate the ligand properties by calculating the
parameters such as ligand root mean square deviation (RMSD), molecular surface area (MolSA), the
radius of gyration (rGyr), polar surface area (PSA) and solvent-accessible surface area (SASA) [55].
The RMSD values fluctuated until 5 and 10 ns for Comp.1-6LU7 complex before gradually reaching
an equilibrium as given in Figure 17 [55].
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Figure 17. Ligand property trajectories for Comp.1-6LU7 complex [56].

2.4. Leveraging quantum mechanics for ADME-optimized drugs

In addition to pre-screening of inhibitors for particular proteins using molecular docking and
MD simulations as well as other in silico tools, these methods can also provide valuable insights into
druglikeness, pharmacokinetics, toxicity profiles and other properties at the molecular level, which
are essential for optimizing new drug candidates [57]. Many inhibitors can be small flexible
compounds, such as some epidermal growth factor receptor (EGFR) inhibitors [58-63], noncovalent
small molecule Mpro inhibitors, including ML188 and its potent derivative 23R [64]. As a result, a
detailed quantum mechanical study of the inhibitors and their conformations becomes necessary.
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Quantum mechanics (QM) density functional theory (DFT) study of inhibitors and drugs has
been widely applied to obtain quantitative structure-property relationship (QSRP) of inhibitors in
drug design [61]. DFT allows for the accurate prediction of electronic properties, enabling detailed
insights into the conformation, reactivity, spectroscopy and interaction of inhibitors with target
proteins at an atomic level [61]. These properties are associated with ADMET properties as inhibitors
and drugs [61]. Many inhibitors' drug potency and binding are closely related to their flexibility and
conformational space. However, conformational sampling still has major hurdles for effective drug
design methods [61].

Most of the algorithms in drug design are based on geometry in three-dimensional (3D) space,
for the binding sites are always located on the concave surface of the proteins [65]. Estimating the
range of 3D conformations of a molecule is a key component of computer-aided drug design [66]. As
summarized by Habgood et al.[66] that three major challenges in drug design once the scaffold has
been identified, are (1) the development of a good method to generate ensembles of a molecule's
bioactive conformation; (2) rational analysis and modification of a pre-established bioactive
conformation; and (3) approximation of real solution phase conformational ensembles in tandem
with spectroscopic data such as IR, NMR and UV-vis. Although crystal structures usually provide
single 3D geometries, they do not cover the full conformational space of the preferred conformers of
a flexible inhibitor with multiple rotatable single bonds or unsaturated ring systems [66].

The solution is to develop a conformational ensemble. For this reason, Wang and Vasilyev [61]
developed a robust QM conformational sampling method/program (PrefQMCon), which is able for
QM determination of a large number of target drug conformer clusters and their properties given in
Figure 18(a) [61]. These conformers of the AG-1478 EGEFR inhibitor can be superpositioned in Figure
18(b).

Molecular Propertes of he: Firs! Twelve AG-14T8 Preferred Conformens

mu.ﬁf}?

14TH Comtormer Number

(a) (b)

Figure 18. (a) Comparison of the top twelve AG-1478 preferred conformers above the strain energy
cutoff (10.5 kcal/mol), dipole moment (D), cluster size and probability distribution (in %), together
with the optimized structures in the DMSO; (b) Superposition of all preferred conformers of AG-1478

in DMSO [67].

Numerous studies using DFT calculations are able to predict various spectroscopic properties,
such as IR, NMR, and UV-Vis spectra and their possible link to the potency of the inhibitors. Figure
19 presents the correlation between optical spectral shift and the potency of the EGFR tyrosine kinase
inhibitors (TKIs) with respect to halogen substitutions [62]. In the figure, the larger the shifts in their
optical spectra (the orange colour in the figure) between the global minimum structures and their
corresponding crystal structures from the EGFR database, the more potent the inhibitors, that is
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(negative) larger the In(ICs0) function [62]. The more potent TKIs, TKI-Cl and TKI-Br, behave very
differently from the less potent inhibitors. These predictions are valuable for characterising inhibitors
and validating their structure experimentally.

UV shift (hm) vs Potency (In(1IC50 nM))

®mLn(IC50 nM) ®m UV shift (nm)

Figure 19. Correlation between optical shift and the potency of the EGFR TKIs [62] Licensed under
CC-BY 4.0 License.

Non-covalent small molecule inhibitors of SARS-CoV-2 Mpro, such as ML188 (see Figure 5(a)),
are flexible compounds. ML188 contains several single bonds, contributing to a wide range of
possible conformers. Rigorous benchmarking studies [62] have shown that DFT methods, with
appropriately chosen exchange-correlation functionals and basis sets, can accurately predict the
molecular properties of such inhibitors. These properties are crucial for understanding their drug-
like behaviour. This approach can also be extended to study other inhibitors of SARS-CoV-2 Mpro,
including ML188, to enhance drug development efforts.

3. Summary and outlook

This article updates recent efforts in developing inhibitory compounds targeting the main
protease (Mpro) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus
responsible for the COVID-19 pandemic. The study focuses on various approaches for the
identification and development of potential drug candidates, particularly in silico studies such as
molecular dynamics (MD) simulations and quantum mechanical (QM) density functional theory
(DFT) calculations in recent years.

Potential Mpro inhibitors can be derived from a range of sources, including natural products,
peptides, and synthetic molecules. In this discovery process, in silico techniques have become
indispensable computational experiments in addition to physical experiments. MD simulations
provide a dynamic perspective on biomolecular systems, offering insights into molecules' movement
and conformational changes over time. This understanding is crucial for assessing the flexibility of
drug targets and ligands.

MD simulations reveal details at atomic-level interactions, such as hydrogen bonds,
hydrophobic contacts, and ionic interactions, which are essential for identifying key residues
involved in binding. MD simulations also provide valuable information about various ligand
properties. When combined with QM-based DFT calculations, the information offers deeper insights
into inhibitors, aiding in the further development of drugs.

However, existing studies of effective inhibitors targeting SARS-CoV-2 Mpro provided limited
information on inhibitors as scaffolds for new inhibitor development. When combined with
significant computation demand and human work [66] in the process, it presents a bottleneck
challenge in response to the request of the urgent need for inhibitors targeting the SARS-CoV-2 virus.
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One of the urgent needs is to develop a robust process to develop new inhibitors or to rediscover
existing drugs that can inhibit the SARS-CoV-2 virus efficiently.
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